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Abstract: The effect of periodic temperature oscillations has been studied for the hydrogenation of
2-methyl-3-butyn-2-ol over a Pd-based catalyst in a micro-trickle bed reactor. This hydrogenation
was investigated using a radiofrequency heated reactor under transient conditions using temperature
cycling. The dynamic operation using this configuration was found to increase both conversion
and selectivity towards 2-methyl-3-buten-2-ol compared to the steady-state operation with an
improvement of up to 24% for the selectivity being observed. The developments made here also
result in a lower activation energy in comparison to previous data, providing a starting point for
radiofrequency heating to enhance reaction rate through the exploitation of thermal cycling at
production scale.
Keywords: transient operation; temperature oscillations; Pd catalyst; radiofrequency heating;
hydrogenation
1. Introduction
Transient operation has been previously considered in many industrial processes where either
heat recovery or production rate can be considerably improved compared to steady-state operation.
For example, temperature oscillations during transient operation allows for a higher rate to be
obtained in the oxidation of CO or propylene and 2-propanol dehydrogenation [1–9]. Furthermore,
transient operation has been studied for temperature-swing regeneration in bio-oils fractionation [10].
The improved performance can also be in the form of stabilization of spontaneously oscillatory
systems [11].
Normally, the principle in a catalytic process is to ensure a controllable and stable temperature
profile that prevents side reactions and thermal runaway. In terms of dynamic conditions in
industry, the temperature of a process may be gradually increased over a period of time in order to
counteract the deactivation of the catalyst. However, in some cases, it has been found that controlled
temperature oscillations may be favorable towards the performance of the process. In catalytic
reactions, the improvements in many cases stemmed from a periodic removal of inhibiting species that
were strongly adsorbed on the surface and accumulated on the active sites over time [12].
Thermal cycling has been previously documented in CSTR, fluidized beds as well as trickle bed
reactors for the hydrogenation of α-methylstyrene using flow interruption [13]. The improvement
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in the hydrogenation was attributed to the controlling runaway by changes in particle wetting,
which influences the contribution of gas-phase diffusion. Oxidation reactions carried out in
microstructured reactors have been widely studied due to the low thermal inertia present in these
configurations leading to a considerable increase in selectivity.
Selective hydrogenation is an important transformation in the synthesis of fine chemicals and
pharmaceutical industry. Specifically, 2-methyl-3-buten-2-ol (MBE) is a compound of interest as it is
used as a starting material in the production of vitamins A and E as well as an intermediate chemical
in fragrances and flavorings [14]. As shown in Figure 1, MBE is formed by partial hydrogenation of
2-methyl-3-butyn-2-ol (MBY). Full hydrogenation of MBY or further hydrogenation of MBE can take
place to form 2-methyl-3-butan-2-ol (MBA) and C10 dimers of MBY may also be produced. Therefore,
increasing the conversion of the raw materials and the selectivity towards the MBE are of significance to
minimize the impact on the environment by avoiding energy intensive separation processes and waste
formation. Even an improvement in selectivity as minor as 1% can contribute to several thousands of
tons of the product leading to substantial profits especially in industries as large as pharmaceutical
manufacturing, which is estimated to be worth £1.3 billion in 2018–2019 in the UK alone [15,16].
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prone to fluctuations [24]. Transient operation by switching the RF field on and off has been 
demonstrated previously for process intensification but also as an application for on-demand 
synthesis when the controlled release of a substance is required [25].  
Figure 1. Reaction pathways for the hydrogenation of MBY.
The use of dynamic conditions is a well-developed research area especially for hydrogenation
reactions (for instance, ammonia and methanol synthesis, NOX reduction, hydrogenation of ethylene
and aromatics) where the feed conditions such as flow rates, compositions of gaseous inlets as well as
cycling between feeds are modulated [17].
Reactions of a similar nature that would benefit from dynamic conditions would be the
selective hydrogenation of 2-hexyne to cis-2-hexene as well as the conversion of cinnamaldehyde to
hydrocinnamaldehyde and cinnamyl alcohol, which are valuable intermediates used in the perfumery
and pharmaceutical industries [18,19]. The hydrogenation of furfural is another complex sequence of
reactions involving both series and parallel pathways that would be of interest for dynamic operation
for producing value-added chemicals especially due to its biomass-derived origins [20].
A radiofrequency (RF) heated reactor employing a catalyst with magnetic properties has been
shown to have the potential for the scaling up of a microreactor while addressing some of the
drawbacks associated with the mass- and heat-transfer resistances present in conventional systems [21].
An application exploiting the precise temperature control of RF heating has been shown in adsorption
and desorption cycles to enhance safety, even when rapid heating rates are applied allowing clean
square wave modulation to be achieved [22,23]. Another usage of the quick heating rate and
response time of RF heating is seen when dealing with renewable energy supplies which are prone
to fluctuations [24]. Transient operation by switching the RF field on and off has been demonstrated
previously for process intensification but also as an application for on-demand synthesis when the
controlled release of a substance is required [25].
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Many challenges exist that cause fast periodic operation to be a concept beyond reach in traditional
systems, such as poor surface-to-volume ratios and large thermal masses which inhibits heat exchange
between traditional reactors and the cooling/heating systems. Recently, much of the focus has been on
developing microstructured reactors catering towards transient operation as the limitations associated
with the thermal inertia of the vessel can only be overcome at the microscale. As radiofrequency
heating has been previously shown to be feasible for scaling up, the developments made here may
provide a starting point for radiofrequency heating to enhance reaction rate through the use of thermal
cycling at production scale.
Herein, the effect of transient and steady state conditions on MBE production using an RF heated
reactor and a Pd catalyst cooperation (on chemoselective hydrogenation) was investigated for the first
time. To our delight, this new system solved the problems associated with conventional microreactors
which usually require careful manufacture whereas in this system the frequency of oscillations is able
to be controlled in a straightforward manner using RF heating.
2. Results and Discussion
The effect of temperature cycling was investigated by feeding 0.25 M MBY dissolved in xylene
and 10 mL/min H2 flow rate into the reactor system under atmospheric pressure at the constant
temperature (30 ◦C) to demonstrate steady state. A variety of liquid reactant flows were employed
to generate data to measure the extent of the reactant consumption and production of the desired
molecules for different residence times. An amplitude (A) of 5 ◦C and a frequency or a period (τ) of
75 s were used to represent the transient-state operation.
Figure 2 displays a comparison of the conversion of MBY obtained during steady state and
transient state. The difference in conversions obtained for transient and steady state become more
apparent as residence time increases possibly as a result of the reactant becoming fully hydrogenated
or forming dimers.
Catalysts 2019, 9, x FOR PEER REVIEW 3 of 8 
 
Many challenges exist that cause fast periodic operation to be a concept beyond reach in 
traditional systems, such as poor surface-to-volume ratios and large thermal masses which inhibits 
heat exchange between traditional reactors and the cooling/heating systems. Recently, much of the 
focus has been on developing microstructured reactors catering towards transient operation as the 
limitations associated with the thermal inertia of the vessel can only be overcome at the microscale. 
As radiofrequency heating has been previously shown to be feasible for scaling up, the developments 
made here may provide a starting point for radiofrequency heating to enhance reaction rate through 
the use of thermal cycling at production scale. 
Herein, the effect of transient and steady state conditions on MBE roduction using an RF heated 
reactor and  Pd catalyst co peration (on chemosel ctive hydrogenation) was investigated for the 
first time. To ou  delight, this new system solved the problems associated with conv nti al 
microreactors which sually require careful manufactur  where s i  this system the frequency of 
oscillations is ble to be controll d in a straightforward manner using RF heating. 
2. Results and Discussion 
The effect of temperature cycling was investigated by feeding 0.25 M MBY dissolved in xylene 
and 10 mL/min H2 flow rate into the reactor system under atmospheric pressure at the constant 
temperature (30 °C) to demonstrate steady state. A variety of liquid reactant flows were employed to 
generate data to measure the extent of the reactant consumption and production of the desired 
molecules for different residence times. An amplitude (A) of 5 °C and a frequency or a period (τ) of 
75 s were used to represent the transient-state operation. 
Figure 2 displays a comparison of the conversion of MBY obtained during steady state and 
transient state. The difference in conversions obtained for transient and steady state become more 
apparent as residence time increases possibly as a result of the reactant becoming fully hydrogenated 
or forming dimers. 
Figure 3 shows that for all of the residence times tested, an increase in selectivity is observed under 
transient operation. Shorter residence times result in a slightly higher selectivity towards MBE which is 
due to the insufficient time for the MBE to further transform into by-products. This is supported by the 
fact that the only overlap of the standard error bounds is seen at the longest residence time.  
While the conversions for both cases is very similar especially at shorter residence times, some 
of the most significant improvements in selectivity are seen here. An average increase of 16% of the 
selectivity towards MBE with the highest being 24% is observed suggesting that there is an 
improvement in the reaction rate as a result of temperature cycling.  
80 90 100 110 120 130
48
50
52
54
56
58
60
62
64
66
68
70
72
51.9
61.2 61.9
63.5
52.2
64.5 65.3
67.8
 Steady State  Transient
MB
Y 
Co
nv
ers
ion
 (%
)
Residence time (s)
 
Figure 2. Conversion of MBY with residence time under steady-state and transient conditions where
A = 5 ◦C and τ = 75 s.
Figure 3 shows that for all of the residence times tested, an increase in selectivity is observed under
transient operation. Shorter residence times result in a slightly higher selectivity towards MBE which
is due to the insufficient time for the MBE to further transform into by-products. This is supported by
the fact that the only overlap of the standard error bounds is seen at the longest residence time.
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A = 5 ◦C and τ = 75 s.
While the conversions for both cases is very similar especially at shorter residence times, some of
the most significant improvements in selectivity are seen here. An average increase of 16% of
the selectivity towards MBE with the highest being 24% is observed suggesting that there is an
improvement in the reaction rate as a result of temperature cycling.
The kinetics of the hydrogenation of MBY and MBE over Pd/TiO2 were studied under steady
state in the temperature range of 20–35 ◦C, atmospheric pressure and H2 flow rate of 10 mL/min
(Figure 4a,b), and apparent activation energies were calculated based on Arrhenius plots as shown
in Figure 4c,d. The apparent activation energy of 12 kJ/mol was obtained for the hydrogenation
of MBY over Pd/TiO2, which is lower than the previously reported value of 64 kJ/mol [26].
The activation energy obtained for the hydrogenation of MBE to the fully hydrogenated product MBA
was 9 kJ/mol. Low activation energy obtained for both MBY and MBE hydrogenations corroborates
with experimental observation of virtually same conversion and no apparent rate enhancement of
MBY hydrogenation in the transient reactor operation when compared to steady state. Improvement of
the selectivity towards the partially hydrogenated product MBE mainly arises due to the temperature
dependency of the rate of adsorption of MBY and desorption of MBE from the catalyst surface and
relative surface coverage of the reactant and product species onto the catalyst.
Besides the non-linear effect of temperature on Langmuir-Hinshelwood kinetics contributing
to an increase the rate of reaction as well and the selectivity obtained [27], another reason for the
improvement in selectivity in heterogeneously catalyzed reactions has been postulated in previous
studies to be a result of more preferential surface coverage induced by the transient operation.
Favorable adsorption of the reactant as the product is desorbed with more ease prevents further
reaction towards MBA and dimers in comparison to steady-state operation. Products that inhibit the
catalytic activity are also able to be desorbed without the commitment of constant high-temperature
operation which would simultaneously prevent adsorption of reactant molecules [2].
Another proposal is that different adsorbed species also tend to form islands with the reaction
commencing on the perimeter. A study carried out on a palladium catalyst proposed that oscillations
of temperature lead to adsorption-desorption cycles that are either shorter or comparable to the rate
of island formation. The islands decreased in size and became more numerous leading to a larger
perimeter, and therefore faster rate of reaction. The change of concentration of adsorbates induced
surface restructuring of the catalyst, which could enhance oscillations through the generation of new
frequencies [1].
Catalysts 2019, 9, 283 5 of 8
Catalysts 2019, 9, x FOR PEER REVIEW 5 of 8 
 
 
Figure 4. (a) Conversion of MBY and MBE with temperature; (b) conversion of MBE with 
temperature; (c) Arrhenius plot for MBY conversion; (d) Arrhenius plot for MBE conversion. 
Besides the non-linear effect of temperature on Langmuir-Hinshelwood kinetics contributing to 
an increase the rate of reaction as well and the selectivity obtained [27], another reason for the 
improvement in selectivity in heterogeneously catalyzed reactions has been postulated in previous 
studies to be a result of more preferential surface coverage induced by the transient operation. 
Favorable adsorption of the reactant as the product is desorbed with more ease prevents further 
reaction towards MBA and dimers in comparison to steady-state operation. Products that inhibit the 
catalytic activity are also able to be desorbed without the commitment of constant high-temperature 
operation which would simultaneously prevent adsorption of reactant molecules [2].  
Another proposal is that different adsorbed species also tend to form islands with the reaction 
commencing on the perimeter. A study carried out on a palladium catalyst proposed that oscillations 
of temperature lead to adsorption-desorption cycles that are either shorter or comparable to the rate 
of island formation. The islands decreased in size and became more numerous leading to a larger 
perimeter, and therefore faster rate of reaction. The change of concentration of adsorbates induced 
surface restructuring of the catalyst, which could enhance oscillations through the generation of new 
frequencies [1]. 
To summarize, transient operation through temperature cycling has been demonstrated to aid 
in maximizing the conversion and selectivity of the hydrogenation of MBY to MBE as a result of the 
surface coverage of the adsorbing species influenced by the rapid changes in temperature through 
integration of the radiofrequency heating system. To elaborate on this further, a detailed study of the 
influence of amplitude and oscillation period may be worthwhile. 
Besides hydrogenation, there are other relevant reactant and product inhibited reactions where 
intermediate products are required such as oligomerization reactions involving ethylene or glycerol 
[28,29]. Product distribution control, which is possible through control of the reaction temperature 
and the catalyst, is susceptible to coking. Therefore, complex reaction systems of this kind would 
have the potential to be enhanced under transient operation. The remarkable improvement brought 
by this novel cooperation is particularly important in upscaling and green chemistry development. 
Many other relevant systems [18–20,28,29] are expected to be benefitted by this advance, and further 
exploration along these lines are now underway.  
3. Materials and Methods  
20 25 30 35
50
55
60
65
70
3.20 3.25 3.30 3.35 3.40 3.45
3.95
4.00
4.05
4.10
4.15
4.20
4.25
3.20 3.25 3.30 3.35 3.40 3.45
3.95
4.00
4.05
4.10
4.15
4.20
4.25
20 25 30 35
40
50
60
70
Temperature (°C)
(a)
MB
Y 
Co
nv
ers
ion
 (%
)
65
70
75
80 MBE Selectivity  (%)
MB
E 
Co
nv
ers
ion
 (%
)
Temperature (°C)
(b)
ln 
(M
BY
 C
on
ve
rsi
on
)
1000/T (1/K)
(c)
ln 
(M
BE
 co
nv
ers
ion
)
1000/T (1/K)
(d)
Figure 4. (a) Conversion of MBY and MBE with temperature; (b) conversion of MBE with temperature;
(c) Arrhenius plot for MBY conversion; (d) Arrhenius plot for MBE conversion.
To summarize, transient operation through temperature cycling has been demonstrated to aid
in maximizing the conversion and selectivity of the hydrogenation of MBY to MBE as a result of the
surface coverage of the adsorbing species influenced by the rapid changes in temperature through
integration of the radiofrequency heating system. To elaborate on this further, a detailed study of the
influence of amplitude and oscillation period may be worthwhile.
Besides hydrogenation, there are other relevant reactant and product inhibited reactions
where intermediate products are required such as oligomerization reactions involving ethylene
or glycerol [28,29]. Product distribution control, which is possible through control of the reaction
temperature and the catalyst, is susceptible to coking. Therefore, complex reaction systems of
this kind would have the potential to be enhanced under transient operation. The remarkable
improvement brought by this novel cooperation is particularly important in upscaling and green
chemistry development. Many other relevant systems [18–20,28,29] are expected to be benefitted by
this advance, and further exploration along these lines are now underway.
3. Materials and Methods
Figure 5 displays the dynamic operation of th reaction system where th amplitude represents
the temperature increase and decrease from the initial point which was achieved by variation of the
intensity of the magnetic field. The period of the fu tion repr sents the time in which a complete cycle
is completed. In our system, the steady-state experiments were carried o t at 30 ◦C, nd the transient
experiments consisted of a 5 ◦C amplitud an a frequency of 75 s. It must be noted that the frequency
should be hig enou h to avoid quasi-steady state while low enough t avoid a relaxed steady tate or
steady state. Operation within this window only would lead to n impro eme t in performance.
The set up con isted of a packed bed with a general st ucture consisting of various h ating and
c talytic zones. The design and characteristics of such micro- and milli-reactors have been described in
detail elsewhere [30–32]. Comprehensiv methods for cat lyst synthesis may also be found here [21,31].
The set-up of the reactor is presented in Figure 6. The configuration of the r actor consisted of catalytic
and heating zon s compos d of 50–300 µm of catalyst pellets, 106–120 µm ferrite particles and 100–150
µm glass beads. The initial conc ntratio of MBY in xylene was 0.25 M, and liquid flows of 0.07, 0.1,
Catalysts 2019, 9, 283 6 of 8
0.2 and 0.3 mL/min were used. The gas flow rate was 10 mL/min, and the reaction was conducted at
atmospheric pressure. The products were analyzed using an offline gas chromatography equipped
with a flame ionization detector.
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